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~ projectile impact shock initiation for comparisen with experiments has been

~ of different areas.

' wx, *. Bahl, H, C. Vantine, and R. L. Weingarts, "The Shock Initlation of Bare

I. INTRODUCTION o '

Projectile 1thpact shock initiation of high explosiveé has long been a
subject of interest in the energetic materials community. Considerable

experimental data has been generated over the years.l-“ Numerical modeling of

reported in at least one case.u However, only ‘the predictel critical velocities
and no detailed analysis of the flow fields revealed by the computations were

presented. In another numerical study, Mader and Pimbleys modeied' the

initiation of explosives due to the impact of shaped charge jets using the same
computer code used in the present report. :

This report concerns. our numerical modeling of the projectile impact shock
initiation of composition-B (comp-B), 'le have considered both bare and covered
charges impacted by cylindrical steel projectiles using the Los Alamos 2DE
code. We have examined the flow fields in some detail and compared predicted
critical velocities with published experimental values. Our earlier work on

this subject was found to have made use of 1nsuff1cieflt artificial visécsity .6
This has been corrected in the present report and the work extended to a number

1p. ¢. Slade and J. Dewey, "High-Order Initiation of Two Military Exploaives
by Projectile Impact,” Ballistic Research Laboratory Report No. 1021, July
1957. AD 145868 .

25, M. Brown and E. G. Whitbread, "The Initiation of Detomation by Shack
Waves of Known Duration and Intengity," Les Ondes de Detonation, C.N.R.S.

No. 108, pp. 69-80, Paris, 1962. , L. ‘

3I. A. Roslund, J. W. Watt, and N. L. Coleburn, "Initiation of Warhead
Explosives by the Impact of Controlled Fragments, I Normal Impact," Naval
Ordnance Laboratory Technical Report NOLTR-73-124, August 1974. .

and Covered Explosives by Projectile Impact," Seventh Symposium (International)
on Detonation, June 1981, pp. 325-335. . .

SC. L. Mader and G. H. Pimbley, "Jet Initiation an;i:mtz;a:;on of Explosives,”
Journal of Energetic Materials, Vol. 1, No. 1, 1983, pp 1-44.

J. . L > 31'9 erg, a:zd 4. L.’Arbuck’Ze, '"A’Mmmaql_smdy .of .ghock" .
Initiation of Composition-B by Bigh Speed Impact of Smll Steel Projectiles,
BRL Report tc be published. : , .




which makes use of the equations of motion in Eulerian form,

II.

BRIEF DESCRIPTION OF 2DE

The 2DE code7 is a two-dimensional, reactive hydrodynanic'conputer code

It incorporates

. the HOM equation of state and, most important for our application, the Forest
Fire model for shock initiation of high explosives,
an elastic-plastic constitutive mndel to account for the behavior of steel.

In cur computations we used

ITI. PROJECTILE IMPACT SHOCK INITIATION OF BARE COMPOSITION-B

Geometry and Computational Considerations

computatious is 111uatrated in Figure 1,
projectiles of unit aspect ratio (£/d) since Brown and Whitbread

The axisymmetric geonetry used in the bare charge projecti.e 1npact

2

We have considered eylindrical stéel

have

demonstrated that different aspect ratios dc not produce different critical
velocites for shock initiation, except in the case of thin discs (£/d<1/4),
Computations were made for projectile diameters, d, of &, 5, 8, 10, 12, 15 and

18 mm,

Sufficient target matcrial is provided whon the length and dianctor of

the explosive charge are each three times the corresponding projectile
dimensions,

" as summarized in Table 1.
of cells slong the radial axis,

We set up these impact problems for 2DE calculation with axisymmetric grids
Here Ar is the radial cell dimension, I the number
Az the axial cell dimension, J the number of .
cells slong the axis of symmetry, At the time step for each computational cyele,
and N the total number of cycles to be completed.

TABLE . 1

Input Data for ZDE COIputationll Grids - Bare Chargea

d Ar,Az I S | At ‘N
(mm) (mm) . {us)
L} 0.200 ‘ 80 90 0,005 400
5 ‘0,250 &0 70 0.006 ‘800
8 , 0,207 60 105 0.006 500
.10 0.380 60 . 105 0.010 ‘500
12 0.%00 60 ‘105 0.008 - 500
15 0,500 60 105 - 0,010 50v
60 105 0.010 00

P

7J.D. Kershner and C. L. Mader,

By
lems,"

"2DE, - A Two-Dimengional Contimious Eulerian
drodynama Code for Computing mltwompor.ent Reactive Hydrodynamic Prob-

Los AZamoa Setientific Laboratary Report 54-4846 Murch 1972,

i
i
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"Results

Flow Field Observations. A number of graphicsl representations of our
numerical results arc available. The sequence of events in projectile impact
shock initiation is most clearly illustrated in the series of mass fraction
contour plots of Figure 2., The mass fraction varies from one to :<ro as
chemical reaction in the explosive runs to completion. These plots show results
for the impact of a 10 mm diameter projectile at 1.1 km/s, just above the
eritical velocity. The position of the impact shock is also shown. At 1,0 us
after impact, burning is observed throughout the region between the shock and
the projectile, but detonation has not yet begun., Detonation, which may be
recognized by the close spacing of the contour lines, is first cobserved to bresk
out after the shock has propagated some distance from the impact point. The
detonation then spreads outward along the shock and is well established by

1.5 us. 1t also propasates back toward the projectile through the partially
reacted material.

Determination of Critical Impact Velocity and Comparison with Experimental Data.
By varying impact velocity in computations of this type we were able to .
determine the critical velocity as a function of projectile diameter. 1In Figure

3’we have plotted the 2DE results together with the experimental results of -

Dewey and SIsde1 as well as the Jacobs-Roslund empirical formu1a3. The
agreement is excellent, with the 2DE go and no-go predictions all bracketing the
empirical curve. We have also included the data for ISL comp-B (65/35) reported

by Moulard at the last detonation symposium, 8 .This- expiosive is reported to be
generally less sensitive than U,S. comp-B and psrticularly less sensitive when
impacted by small projectiles!

We observed a difterent mode of ceritical shock initiation at the smaller
diameters. When the projectile diameter is small and the impact velocity is
high detonation appears almost immediately on impact as shown in Figure 4 at
0.3 is after the impact of a 4 mm diameter projlectile at 1.7 km/s, In this case
detonation continues to propagate and a considerable amount of explosive has
been consumed by 1.2 xs., On the other hand, when tha impact velocity is
reduced to 1.6 km/s, the detonation that breaks out immediately does not
continue to propagate but is quenched by the action of following rarefacticns as
"shown in Figure S5, ' Thus, the mass fraction contour lines begin to spread out by
. 0.7 us. Little or no progress is made betweert 1,0 s and 1.5 is a3 the
detonation dies out leaving a bubble of detonation products in its wake, I¢ -
should be noted that these detonations are not overdriven as were those computed

by Mader and Pimbley5 for shaped charge jet impact. A&n overdriven detonation in
‘comp=B produced by the impact of a steel projectile would require an 1mpact _
velocity exceeding approximately 2.8 km/s. Actually, full CJ pressure is never
achieved in these detonations, Figure 6 shows a geries of pressure and mass

3E. Moulard, "Critical Cbndztzona for Shock Initiation of Detonation by Small
Projectile Impact," Seventh SJmposzum (International) on Detanatzon, June
'1981, pp. 316-324. . :

NS ) .-




fraction profiles aiong the axis of symmetry at various times for the 4 mm
projectile impact at 1.6 km/s, While the mass Zraction drops rapidly to zero
the pressure nevar rises abeve about 23 GPa,

In ordér to assess the relationship between the 2DE predictions of criticsl .

‘'velocity und the critical pzt concept, we made a series of computations in which
the Forest Fire mocdel was deactivated and the explosive treated as an inert
material, By observing the pressure history of the target explosive adjacent to

the impact point we were able to calsulate ﬁzdt. Computations corresvonding to

cur highest suberitical impact velocities for projectile disceters ranging from
S mm to 18 mm were made. The results, summarized in Tsble 2, show that, while

peak shock pressure decreases with decreasing impsct veloecity, ﬁzdt rumpins

fairly constant qlonvg the initiation threshold. Thus, the critical pzt concept
appears consistent with Forest Fire,

Table 2, Reﬁponsé of "Ir_iert" Composition-B to Critical Projectile Impact

Projectile Impact Peak Shock 2
Diameter Veloeity Pressure _/; at
(). (ka/s) (GPa) (GPa>~ us)
5 1.5 9.6 32
8 1.1 7.0 32
10 1.0 6.0 31
12 ' 0.9 3.3 28
15 0.8 8,5 28
18 o‘? 3.8 25 !

Shock _to Detonation Transition Paths, The Forest Fire Model is based in part on
the single curve buildup hypothesis. Thus, the Pop-plot is interpreted as
describing the process of buiidup to detonation in the shock pressure - distance
to detonation plane. This is true at least for the planar geometries in which
single curve buildup has been observed. In an earlier numerical study using
2DE, we had occasion to consider the planur probln arising vhea a flyer plate

of sufficient lateral extent atrikes a eo-p-B target. S Once the distance along
the axis of symmetry at which steady state detonstion first appears has baen
detcrnined. the projress of shock buildup toward detonation as a function of
Aistance of run to detonation can be compared to the Pop-plot. This has been

.done for the problems of 10 mm thick flyer plates striking comp-B targets at 0.6
"-snd 0.7 km/s in Figure 7. The results indicate that 2DE reproduces the single

curve buildup. phenomenon in the plansr geometry., The projectile impact data,
however, does not appiar tc produce a single curve buildup along the axis of
symmetry as illustrated in Figure 8,

9. Starkenberg, Y. X. Buang, and A. L. ArbuckZe "4 PuowDimensional Numerical
Study oy Detonation Propagation Between Munitwna by Means of Shock Imtzatwn,
BRL Report ARBRL-TR~02522, September 1.983. ADA 133680
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Special Geometries, At the Seventh Symposium on Detonstion, Moulard presented
aome interesting experimental results in which ISL comp-B was impacted by

projectiles of circular, annular and rectangular cross~sect10n.8 Although the
projectiles were designed to yield the same overall shock duration, he observed
considerable differences in the critical velocities produced by each,
Specifically he found that the cylindrical projectile required the highest
eritical velocity {about 2 km/s), the araular projectile required the lowest
critical velccity (less than 1 km/s), and the rectangular cross-section produced

. an intermediate critical velocity. He ‘sought to explain this by introducing a

eritical zrea concept., We were interested in determining whether the classicel
shock initiation concepts incorporatnd in 2DE could explain these observations

| without recourse to additional concepts. The circular znd annular

cross-sections could be represented exactly. Indeed, the circular cross-section
computation had already been completed. The impact of a rectangular
cross=section projectile is, strictly, a three dimensional problem, but we

' represented it by the impact of a slab of infinite breadth having the thickness

of the smal)lest dimension (5 mm) of the projectile used in the experiments, The

-experimentally and numerically determined critical velocities ere listed in

Table 3. The results show that the classical concepts on which the Forest
Fire Model is buiit are sufficient for a qualitative explanaticn of the Moulard
observations, The principal reason for the absence of quantitative agreesent is’
the different formulation of ISL comp-B und its reported louer aenstivity to
small diameter projectile impact,

.Table 3. CO-parison of Houlard Experinents with 2DE Simulation,

Critical Veloeitz (km/s)

Projectile .
Cross-section Houlard Exgeriments + 2DE Predictions
(65/35 comp-B) (60/40 comp-B)
sm @ 1,95 - 2,02 1.40 - 1.50
jo mm 1.c. @ . 1.06-111 ., 0,80 - 0,90

Smm x 11 mm | 1.33 - 182 1.10 = 1,15

_ 'Some of the reasons for the variations in critical velocity *“h projectile
cross-section become apparent when we observe the flow fields pro .ced, Figure

.9 shows a series of mass fraction contour plots for the impact of the annular
" projectile. The relatively low impact velocity produces no immudiate reaction

adjacent to the impact point. However, at a later time, shock reflection

(probgbly Mach stem formation) at the axis of symmetry produces higher pressures

than the circular cross-section projectile impact at the same velocity. Thus,
the detonation is observed to break out along the axis of symmetry at lower
impact velocities, Of perhaps greater interest, then, is the différence between
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the circular and rectangular cross-section results. The only major diiference
here is the rate at which the rare{action quenches the incipient detcnation.
Remember that in the small diameter case we observed immediate detonation which
was then cuenched by the action of the following rarefaction, The:results for
the rectangular cross-section are shown in Figures 10 and 11, Figure 10 shows
mass fraction contours for a supercritical impact at 1.25 km/s., Detonation
arises as a result of shock to detonation transition, In the subcritical impact
at 1,1 km/s in Figure 11, no detonation occcurs, It remains to be determined ‘
whether this strong effect on critical velocity is manifested with projectiles
of larger dimensions for which simple shock to detonation transitxon occurs for
the cylindrical projectiles also.

Iv. PROJECTILE IMPACT SHOCK INITIATION OF COVERED COMPOSITION-Z

Geometry and Computational Considerations

We have also addressed the related problem of projectile impact of covered
comp-B by introducing a steel plate of thickness, . h, tztween the projectile and
the explosive. Projectile diameters of 6, §, and 10 mm and cover plates of 1/§,
1/8, 1/2, and 3/4 as thick as the diameter in each case were cor3idered. Other
seometrical considerations are as described for the bare charge probleu. The -
axiaymnnbric computational grids are described in Table &, -

Tabie 4. Data for 2DE Computational Grids - Covered Charges

d h/d Ar,Az I K/ At N

(mm) - (mm) {us)

6 1/8 0.15 45 100 0.004 400
[ 1/4 0.15 4% 100 0.008 600
6 1/2 0.15 45 100 0.004 650
6 3/4 0.15 us 100 0.004 700
8 1/8 0.20 45 100 - 0.005 450
8 1/4 . 0.20 4s '100 0.005 400
8 1/2- 0.20 45 110 0.005 gnn
8 3/4 0.20 45 . 120 0.005 . 800

10. 1/8 . 6,25 45 100 0,005, 500

10 1/4 G.34 55 125 . 0,008 ' 700

10 S 1/2 0.20 - 55 140 0,005 750

10 3/4 0.20 55 140 0.005 800

" Results

Flow Field Observations. Typical results are shown in the mass fractian ~ontour

plot sequence of Figure 12, This is for the 1.75 km/s impact of an 8 rm
diameter projectile against a comp~B target prctected by a 4 mm thick cover
plate. In general, the flcw fields were quite siailar to thcse observe: in the
bare charge cases, Only the case of the 6 mm diameter proje~tile with the 1.5

‘mm thick cover plate showed the small diameter effect observed in the bore

charge problems, In this case we observed a quick sho:k to detonation

‘transition followed by quenching. This is shown in Figure 13, However, we did

not consider quite as small projectiles in the covered charge problem, With the

s
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thickest cover plate (h/d=3/8) the rarefaction was observed to overtake the
shock completely within the cover plate before propagating into the explosive.
In these cases, detonation, when produced, develops at a decaying shock wave and
the critical velocity is higher than might be anticipated,

Determination of Critical Impact Velocitx and Comparison with Experimental Data.
A limited quantity of covered comp-B experimental data for comparison is

available, This includes the early results of Slade and Dewey as well as some

more.recent results obtained by Howe'o for projectile attack against 105 mm
ammunition, The Jacobs=Roslund formula for covered explosive suggests that the
product of critical velocity and square root of projectile diameter depends only
on the h/d ratio. Thus, in Figure 18 we have plotted our 2DE results together

with the aforementioned experimental data in the V'd'/z-h/d plane, The 2DE
predictions appear independent of projectile diameter but do not produce a
straight line in this plane, They agree quite closely with the Howe results at
the two smaller h/d ratios and not as well with the Slade and Dewey experiments.
This is a curious result since the Slade and Dewey experiments, with relatively
thin cover plates, almost certainly produce shock initiation and Howe has
interpreted his observed initiations with thicker shell casings as due to a
shear mechanism, The matter is further complicated by the fact that the 2DE
computations do agree with the Slade and Dewey bare charge results. A straight
line has been fitted through the 2DE and Howe results for 0,2<h/d<0.6, Both the
experimental and theoretical results lie above the straight line for h/d>0 6 and
do not agree closely with one another,

If the 2DE results for covered chsrges are corréct, then the Slade and
Dewey results become suspect and How’ “3 experimental initiations must be due to -
shock, The difference observed at t{i* larger h/d values would ther indicate
lower computational accuracy, possibly due to the 1n\dequacy of the Forest Fire
model when the rarefaction immediately follows the initiating “shock, It appears
more likely, however, that the Slade and Dewey data are correct, Then, the 2DE
results must be in error and Howe's initiations may properly be attributed to a
mechanism other than shock.

V. SUMMARY'

, Our conputational study of projectile inpaet shock initiation of
composition-B revealed details of the flow fields produced and provided
predictions of critical inpact velocities for both bare and covered explosive
targets, '

- For bare charges, we observed two different mechanisms by which the
critical velocity is determined, For impacts by projcetiles of sufficiently
large diameter initiation occurs as the impact induced shock wave builds to
detonation by reinforcement due to burning behind the shock. For smaller .

. dismeter, high velocity projectiles, we saw that detonation or near detonation
bresks ocut immediately on impact, but may be quenched by the enusing -
rarefactions, We found that 2DE predicted the critical velocity accurately, We

also checked‘/;?dt values along the initiation threshold and found them to be

10p, M. Howe, personal caﬁmunication.'
o o w
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relatively constant., We compared the shdck to detonation transition paths to
the Pop-plot for comp-~B and found them to agree 1in the case of a planar shock
buildup but not in the case of projectile impact, for which multiple paths to
detonation were observed. We also simulated the special projectile geometries
considered by Moulard, and found that 2DE provided a qualitative explanation of
his observations. :

In the case of covered projectiles we found flow fields :imilar to the bare
charge case, The thickest cover plates allowed the rarefaction to overtake the
shock before they entered the explosive and signifizantly raised the critical
velocity, The predictad initiation thresholds agree with Howe's resulus but not
with Slade and Dewey's.
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3. Does this report satisfy a need? (Comment on purrose, related project, or
other area of interest for which the report will be used.)

4. How specifically, is.the‘report being used? (Information source, design

data, procedure, source of ideas, etc.)

5. Has the information in this report led to any quantitative savings as far

as man-hours or dollars saved, operating costs avoided or efficiencies achieved,

etc? If so, please elaborate.

6. General Comments.' What do you think should be changed to improve future
reports? (Indicate changes to organization, technical content, format, etc.)

i

Name
CURRENT Organization
ADDRESS

Address

City, State, Zip

7. If indicating a Change of Address or Address Correction, please prov1de the

New or Correct Address in Block 6 above and the Old or Incorrect address below.

Name
OLD ~ Organization
ADDRESS :
C . Address

City, State, Zip

(Remove this sheet along the perforation. fold as indicated staple or tape .
closed, and mail.) ,
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